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NOTICE

This report was prepared as an account of Government-sponsored work.
Neither the United States, nor the National Aeronautics and Space
Administration (NASA), nor any person acting on behalf of NASA:

a. Makes warranty or representation, expressed or implied,
with respect to the accuracy, completeness, or usefulness
of the information contained in this report, or that the use
of any information, apparatus, method, or process disclosed
in this report may not infringe privately-owned rights; or

b. Assumes any liabilities with respect to the use of, or for
damages resulting from the use of any information, apparatus,
method, or process disclosed in this report.

As used above, "person acting on behalf of NASA" includes any employee
or contractor of NASA, or employee of such contractor, to the extent
that such employees or contractor of NASA, or employee of such con-
tractor prepares, disseminates, or provides access to, any information
pursuant to his employment with such contractor.

Requests for copies of this report should be referred to:
National Aeronautics and Space Administration

Office of Scientific and Technical Information
Washington 25, D. C.

Attention: AFSS-A
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SUMMARY

This document constitutes the Final Report of the work pe‘rformewd
under contract between the Thermo Electron Corporation and the Jet
Propulsion Laboratory of the California Institute of Technology. The
effort was conducted from 23 June 1966 to 6 November 1967. The Jet
Propulsion Laboratory designation of this contract is No. 951465, and
it was sponsored by the National Aeronautics and Space Administration-

under Contract NAS 7=iOO.

The objective of this program was to incorporate a heat-pipe heat-
rejection structure in the design of the advanced SET converter devel-
oped concurrently by Thermo Electron Corporation for the Jet Propulsion

Laboratory under JPL Contract No. 951263.

To accomplish this objective, the original statement of work re-
quired the design, fabrication aﬁd test of a heat-pipe }model designated
T/E-1. After interpretation of the test results, a second model,
designated T/ E-2, was to be designed, fabricated and tested. The work
would then continue with the iterative design, construction and test of a
complete heat-pipe converter model designated EM-1, and after test
of EM-1,.it would conclude with the design, fabrication and test of a

final heat-pipe converter designated HP-1.

Severe difficulties encountered during the fabrication of T/E-1
and T/ E-2 indicated that the fabrication of only two heat-pipe models :
might not be sufficient to lead to the development of a heat pipe which
could be incorporated into a converter structure. Concurrently, work
under JPL Contract 951263 on the development of advanced SET con-
verters had nearly halted because of an important collector overheating

problem, and it was judged that further progress would not be possible
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without the:incorporation of a heat<pipe collector-radiator into the

structure of the advanced converter.

| Consequently, JPL redirected the work under Contract 951465
to (a)ensure the successful development of a collector-radiator heat
pipe, and (b) develop a heat pipe of the exact size required by the
a‘dvanced SET converter. Under the redirected effort, the test of
’I‘/E-fZ had to be followed with the design, fabrication and test of
a third heat-pipe model, designated T/E-3. After test of T/E-3 a
fourth and final model, designated T/E-4, with a heat-pipe of larger
size, had to be designed, fabricated é,nd tested. The test of all four
models had to include a heat-transfer test, a thermal cycling test,

and a 100-hour run at maximum heat load.

Model T/E-1 failed shortly after completion of the heat-transfer
test due to an embrittling reaction that had occurred during assembly

between the niobium heat pipe wall and its radiative coating.

Model T/E-2 also failed shortly after completion of the heat-transfer
test. Its failure was due to a faulty capillary assembly, which resulted
in collector overheating with the consequent failure of the heat pipe at

the point where it is joined to the collector.

Model T/E-3 was actually fabricated with an emitter structure and
operated as a converter. Its test yielded valuable data on converter
radiator heat load for accurate heat pipe sizing. This model completed

successfully the thermal cycling test and a 400-hour run at maximum

load.

Model T/E-4 did not include an emitter structure. It had a larger

radiator area than the three previous models, and it could accommodate

iv
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an output current of 71. 5 amperes at the optimum collector temperature.
This is 30% greater than the previous corresponding value of 55 amperes.
This model also completed successfully the thermal cycling test and the
100-hour run at maximum load. Because the model did not include the
emitter structure, it was possible to drive it with a considerably larger
input than model T/E-3. In one instance the input power became so

large that the heat pipe achieved burn-out conditions, and the internal

capillary structure was damaged. The heat pipe became sensitive to

‘sudden application of heavy thermal loads, and after 150 hours of

operation at a heat input corresponding to a converter output current

of 120 amperes, the device failed.

In conclusion, a collector-radiator structure suitable for incorpora-
tion in the JPL advanced SET converter has been successfully developed.
The structure has exhibited no structural or functional weaknesses when
used in a converter configuration. It offers the important advantages of
improving converter heat transfer and of greatly reducing the Weiglt;t of
the T-200 converter. It will be used in converters T-208, -209 and -210,
to be fabricated under JPL Contract 951263, and further refinements in
heat pipe technology may be expected to result from this additional

effort.
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1. INTRODUCTION

The initial objective of this program was to develop a converter of
the design used in Contract No. 951263, but incorporating a heat pipe
concept to transfer heat between the collector and the radiator. The
work involved the design, fabrication and test of two heat pipe models
designated T/E-1 and T/E-2, and was to be followed by the design,
fabrication and test of two heat-pipe thermionic converters designated
EM-1 and HP-1. The four devices were to be fabricated and tested in
sequence to allow a thorough evaluation of each design before proceeding
with the ﬁext iteration. Since the development of a suitable heat pipe
structure was the most important aspect of the work under this contract,
the first two devices included only the heat pipe, and it was only in the
last two that an attempt was to be made to fabricate a complete converter

structure incorporating a heat-pipe collector-radiator.

The difficulties that were encountered in the fabrication of models
T/E-1 and T/E-2 prdmpted JPL to redirect the effort so that the
resources provided under the program could be more fully allocated to
advance heat-pipe technology. Under the redirected effort, the devel-
opment of models T/E-1 and T/E-2 was followed by the sequential
design, fabrication and test of two more models, designated T/E-3
and T/E-4, to take the place of EM-1 and HP-1. Model T/E~4 was to

involve substantial size changes in order to permit immediate incorpora-

"tion in the structure of converter T-208, being developed under the con-

current JPL Contract 951263, and thereby solve a severe collector over-

heating problem that had been encountered in the course of that work.
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2. DEVELOPMENT OF MODEL T/E-1

2.1 Design

To ensure compliance with the requirement that the heat pipe
models be compatiblé with the converter structure being developed
under the concurrent JPL contract 951263, the heat-pipe models
were designed to enable the possible inclusion of an emitter structure,

a cesium reservoir system, output leads and a mounting support.

The design of the model T/E-1 heat pipe including the com-
ponents for converter fabrication is presented in Figure 1. This
model can use the same emitter structure and ceramic seal as the
T-200 converter. The heat-pipe structure is a single tube which
extends from the collector at the front to the cesium reservoir at the
rear. This tube is made of niobium in order to ensure compatibility
with the heat-pipe liquid metal and to minimize expansion-matching
problems with the ceramic seal. As shown in the figure, a concentric
tubular element, part No. 10, serves as the inner seal flange, and is
brazed to the heat pipe also. This part was used mainly to serve as a
transition piece between the inside diameter of 0. 660" of the standard
T-200 ceramic seal to the outside diameter of the available heat-pipe
tube, which was 5/8" in outside diameter. Later, tubing of 0. 680"
outside diameter was procured, and it became possible to eliminate

the transition piece in model T/E-4.

The collector end of the heat pipe is a niobium slab with a hole
at its center in order to connect to the cesium reservoir tubulation.
This slab is made of niobium in order to facilitate matching the

expansion of the heat pipe and welding to it. The heat-pipe space



THERMOC ELECTRON

ENGINEERING COCRPORATION

7427

2 Hoves(ra Re0D euncey Stwceo)

B HOLES(2 RETO EquRLy SARCAD)

View A ;]
(P16 OnLY )

IREQXD ON,
L@

=i

e ﬁ’g _____________________________

: g

: 2 —_—

: ® z \ ) :e;m-m)

PR 7

: - 7 wiwn quexes amgne

2 %a% 5 Y i ]
T e h %

P o z‘ﬁw@“ﬁ“ , 9 g [ -

> 0} & DO, oy \; 5 il OXIDE CORTING. -—l

: %o ‘

“

o

oparuen

o

P
/80°
W
Figure 1
3



THERMO ELECTRON

W

CORPORATION

extends between two concentric tubes, parts Nos. 9 and 14. The inner
tube, part 14, is provided in order to allow the free passage of the
cesium reservoir tubulation, and to lengthen as much as possible the
thermal path between the collector and the cesium reservoir without
having to locate the cesium reservoir far from the end of the radiator

heat pipe.

The most important design details are, of course, those that
concern the heat pipe itself. The inside wall of the radiator heat pipe
is coated with two wraps of 400-mesh stainless steel screen that
extends from one end to the other and bends around the collector
insert piece, part No. 16, to provide good thermal contact with the
rear face of the collector slab. As shown in view A-A of Figure 1,
part No. 16 has a large number of perforations so that any heat pipe
fluid boiled off at the collector end can easily be transferred from the
capillary mesh to the heat pipe conduit. The heat pipe fluid is sodium.
To maintain the capillary mesh screen in good contact with the inside
walls of the heat pipe, a single wrap of 5-mil-thick niobium sheet,
part No. 17, perforated as shown in view B-B, is inserted to fit snugly
against the mesh screen. View B-B of Figure 1 shows the center-to-
center distance of the part No. 17 perforations to be 7/32". The dis-
tance was changed to 3/16" during the fabrication of T/E-1 because of
the availability of the corresponding perforations dies at the perforated

sheet supplier.

To circumvent the problem of condensation of sodium on the
inside tube, part No. 14, a wrap of capillary mesh, part No. 18, is
placed around the inner tube of the heat pipe. This wrap serves to

direct any condensing sodium back to the rear of the heat pipe, where
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it is further directed by radially extending portions of capillary screen

to the outer wall capillary of the heat pipe.

The tube, part No. 12,

extending radially from the bottorm of the heat pipe, is used to evacuate

the heat pipe and fill it with sodium. To avoid problems of compatibility

of liquid metal with the filled tube, part No. 12 is made of niobium, and

is sealed by melting the material locally by inert-gas arc welding.

2.2 Heat Transfer Calculations

The important dimensions of the model T/E-1 design were

as follows:

Useful Radiator Length:
Radiator Diameter:

Nominal Radiator Area:

2.93 in. = 7.45 cm
0.625in. = 1.59 cm

37.2 sq cm

The corresponding converter design point conditions assumed for

heat transfer calculations were:

Interelectrode Spacing:
Emitter Diameter:
Emitter Area:

Emitter Temperature:

Collector Temperature:

Reservoir Temperature:

Output Voltage:

Output Current Density:
OQutput Power Density:
Output Current:

Output Power:

Nominal value: 0. 003 in.
0.710in. =1.81 cm
2.55 s8q cm

2000°K

1000°K

610°K

0.8V

20 A/sq cm

16 watts/sq cm

51.0 amperes

40. 8 watts
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The heat transfer was computed using these design conditions
and the expressions of Block, Hatsopoulos and Wilson in their paper
on "The Definition of Conversion Efficiency of Thermionic Energy
Converters," presented at the Thermionic Conversion Specialist

Conference at San Diego in 1965. The expressions are:

where the factor of 0.14 corresponds to an effective emissivity at the

emitter surface of 0.26 and 0. 30 at the collector,

A (T -T)

- m e c
9 = 5T +T
d+1.15x 10~ —=—C

P

q = JVOSKS (Te - TC) (Z-ni)/?-ni

where 9. is the electron cooling, watts/cm
. . 2
J is the output current density, A/cm
ng is the effective emitter work funcfion, volts
2
qa, is the interelectrode thermal radiation, watts/cm
. -12 2 4
o is the Stefan-Boltzmann constant, 5. 6697 x 10 watt/cm” deg
'I‘e is the emitter temperature, deg K



THERMO ELECTRON

A

CORPORATI!ION

Tc is the collector temperature, deg K
2
qg is the cesium heat conduction, watts/cm
Km is the thermal conductivity of the vapor at the mean

gas temperature, watts/cm deg

d is the interelectrode spacing, cm

p is the vapor pressure, torr

q, is the optimized-lead heat loss, watts/cm

ps is the electrical resistivity of the lead material at its

mean operating temperature, ohm-cm

K is the thermal conductivity of the lead material at its
mean operating temperature, watts/cm deg

n, is the ideal converter efficiency
The effective emitter work function ¢¢ at 2000°K, 20 A/sq cm,
is 2.94 volts. The electron cooling for the assumed nominal output was

then 58. 8 watts/sq cm. This is a conservative value because the general

experience with the T-200 converter is that the effective emitter work
function for electron cooling calculations is 2. 72 volts rather than 2. 94.

The interelectrode radiation was 11.9 watts/sq cm. The thermal

conductivity of cesium vapor at a mean temperature of 1500°K is

6.15x 10_5 watts/cm - °K, and the cesium vapor pressure at 610°K -

is 4.65 torr. The cesium conduction calculated at a spacing of 0. 0075 cm
was then 4.1 watts/sq cm. Figure 2 gives the value of the cesium con-
duction loss at other reservoir temperatures and for an emitter-collector
temperature difference of 900°K; to apply it to the case of a temperature

difference of 1000°K, the values given must be multiplied by 1.111. The
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thermal conductivity of rhenium at 1493°K was assumed to be
0.259 Watt/cm - °K>§< (Final Report, Task IV,JPL 950671). The
electrical resistivity of rhenium at the same temperature is given
by Kohl as 84 microhm-cm. Assuming an ideal converter efficiency

of 0.19, the optimized-lead loss found was 6.4 watts/sq cm. The

actual lead loss due to conduction for the design configuration was

computed as follows:

Average lead diameter: 0.760 in. =1.93 cm
Developed length of lead: 0. 800 in. =2.03 cm
Thickness of lead wall: 0.008 in., = 0.0204 cm

Cross-sectionalarea oflead: 0.124 sq cm

Heat transfer = KSA(Te—TC)/% = 15. 8 watts total

Heat transfer per unit emitter area = 6.2 watts/sq cm

The comparison of the calculated heat conduction for the actual lead
with that of the optimized lead showed that the actual lead deviated
only slightly from the ideal one. The total calculated heat transfer

for the converter was then

(58.8+11.9+ 4.1 + 6.2) = 81.0 watts/sq cm, or 207.0 watts.

This value is excessively low, and the calculations were later
corrected to use more reliable values for the thermal conductivity
of rhenium. The heat transfer per unit emitter area was then
found to equal 12. 0 watts/sq cm instead of the value of 6.2
calculated originally as explained above.
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The electrical losses in the collector lead were calculated as

follows:

Lead dimensional data:

Effective length: 0.75in. =1.91 cm

Average diameter: 0.61 in. = 1.55 cm

Thickness: 0.010 in. = 0.025 cm
Cross-sectional area: 0.0191 sq. in. = 0.122 sq. cm

Resistivity of niobium at 700°C: 43 x 10“6 ohm-cm
Lead resistance = 43 x 10=6 x1.91/0.122 = 0.673 x 107% ohm

Voltage drop at rated current of 51. 0 amperes: 34 millivolts

The above voltage drop was calculated assuming that all of the
current flows in the heat-pipe wall. Actually, it was estimated that
a large amount flows through the sodium-filled capillary. The electrical
resistivity of sodium at 700°C is approximately 30. 5 x 10-'6 ohm-cm.
It was therefore expected that the actual voltage drop in the collector

lead would not exceed 20 millivolts.

2.3 Heat Pipe Design

After the converter heat transfer had been calculated, it was

then possible to calculate the heat-pipe operating parameters.

The heat transfer to the converter radiator was taken as 207.0
watts less the electrical power output and the heat conducted by the
electrical leads. Allowing 10 watts for each lead, the radiator heat

transfer was then 207.0 - 40.8 - 20 = 146.2 watts.

With the nominal radiator area of 37.2 sq cm, the radiant

emittance of the radiator had to equal 3. 92 watts/sq cm. A total

10
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emissivity of 0. 85 was assumed for the radiator surface, and the
radiator temperature required to achieve the desired radiant emittance
was found to be 951°K, which allowed for miscellaneous losses and a

design margin from the desired collector temperature of 1000°K.

The nominal heat pipe dimensions were:

Length of vapor conduit: .84 in. = 9.75 cm

3
Cross section of vapor conduit: 0. 595 in. diam - 0.200 in. diam
=1.60 sq cm

Capillary mesh wire diam: 0.001 in. = 0.0025 cm

At the heat-transfer rate of 146 wat‘cs,' the flow rate of sodium

c.alculatéd was

M = 146/3900 = 3.74 x 1072 g/sec

where 3,900 is the heat of vaporization of sodium as given by the corres-
ponding figure, at 700°C, in the property graphs for sodium that are
presented in Figures 3 to 8.
The vapor velocity corresponding to this flow rate was
5
)

3.74 x 10"2/(4,, 6x 10 7)(1.60) = 506 cm/sec

-5 ]
where 4.6 x 10 ~ gm/cc is the density of sodium vapor at a saturation
temperature of 700°C. The velocity of 506 cm/sec was only 17 feet

per second and was well within typical design range.
The pressure drop in the vapor conduit was calculated from:

" Ap = 8v M L/A
Py o /

wjere Vg is the kinematic viscosity of the vapor, M is the flow rate,

L is the length of the vapor conduit, and A is its cross-sectional area.

11
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Ap, = 8x2.2x3.75x 1072 % 9.75/1. 60

= 3.8 dynes/sq cm

The pressure drop due to gravity forces was:

Ap, = rgh
0.776 x 981 x 9. 75

1]

7,400 dynes/sq cm

The maximum pressure drop in the capillary mesh was:
. 4
ApJE = 0.098v, ML/Nd

where vf is the kinematic viscosity of the liquid, M is the flow rate,
L, is the length of the capillary wick, N is the effective number of

capillaries, and d their effective diameter.

- 4
A.pf 0.098 x 0.0024 x 3.74 x 10 2 x9. 75/N (0. 0025)

2,30 x 106/N

where N was the number of capillaries.

The available capillary force to overcome these pressure

P
drops was assumed to be :

Ap

max

1

0.196 ¢ /d

0.196 x 132/0.0025
4
1.03x 10 dynes/sq cm

it

This is an excessively low value. Recent experience by workers such
as J. Kemme at I.os Alamos Scientific Laboratory indicates that the
capillary forces are greater, and the factor of 0.196 should be
approximately 4. 0.

18
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The minimum permissible number of capillaries was therefore given

by the pressure drop inequality:

< - -
Apf Apmaxx Apg Aph
6 4
N =22.30x10 /(1.03x10" - 3.8 - 7,400)
N = 800 capillaries

This meant that for a 400-mesh size capillary mesh, a
perimeter length of 2.0 inches was required. To allow a margin for
operation at more intense heat fluxes, 2 wraps of mesh were selected,
which provided a perimeter length of 3.7 in. They were supported by

a perforated niobium sheet with 46% open area.

19
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2.4 Converter Weight

The estimated weight of each converter part was as follows:

Part No. Volume Density Weight
cc grams/cc grams

1 0.390 21.02 8.20
2 0.094 21.02 1.97
3 0.091 21.02 1.91
4 0.072 21.02 1.53
5 0.399 8. 57 3.42
6 0. 880 3.97 3.49
7 0.179 8. 57 1.53
8 0.912 8. 57 7.82
9 1.620 8. 57 13. 84
10 0.411 8, 57 3. 52
11 0.468 8. 57 4.01
12 0.039 8. 57 0.33
13 0.281 16.6 4. 66
14 0.348 8. 57 2.98
15 0.127 8. 89 1.14
16 0. 061 8. 57 0. 53
17 0.274 8. 57 2.35
18 0.021 8. 89 0.19
19 0. 0006 8. 89 0.01
20 0. 004 8. 89 0. 04
21 . 0.068 8. 57 0. 59
22 10.029 16..6 0.48
23 0. 031 16.6 0. 51
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Part No. Volume Density Weight
cc grams/cc grams

24 0.166 8.96 1.49

25 0.088 8. 89 , 0.78

26 6 cm 0.065 gram/cm 0. 39
Sodium charge . 2.00
Braze 1.00

The total converter weight calculated was 70.71 grams or 0.156 1b,
not including the electrical leads and the mounting hardware. The specific
power which corresponded to this weight, assuming an output power of
40.8 W, was 262 W per Ib. The corresponding specific weight was
less than 4 lbs/kW.

2.5 Ability to Resist Shock and Vibration

As a measure of the ability of the design to resist shock and
vibration, the g-level that the ceramic seal is able to withstand was
calculated, and a similar calculation was also made for the converter

support screws.

A shear strength of 3000 psi was assumed for the ceramic at the
seal, and the failure load for the seal was calculated approximately as
the product of this stress and the inner cylindrical area of the seal of
0.374 sq in. This failure load was 1120 1b. To produce such a load
with the mass of parts Nos. 1, 2, 3, 4, 5, 6, 7 and a lead weighing
approximately 15 grams, i.e., a total of 37.05 grams, or 0.082 1b,
the required g-level was 13,700 g's, which showed that the seal

structure is very strong.
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A tensile strength of 50, 000 psi for the converter support
screws, and a minor diameter of 0. 0667 in. were assumed. The
total cross-sectional area for 4 screws was 0.0140 sq in., and the
failure load was then 700 1b. To produce this failure load with a con-
verter structure weighing 0.156 1b, a required g-level of 4, 500 g's
was calculated. Thus the converter mounting also proved to be

exceptionally rugged.

Other converter components were judged to be designed with the
same magnitude of failure load-to-mass ratios, and therefore were

expected to exhibit similar resistance to shock and vibration.
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3. FABRICATION OF MODEL T/E-1

3.1 Preliminary Fabrication Efforts

The preliminary fabrication efforts concentrated on the aspects
of heat pipe construction and sodium handling. As shown in Figure 1,
the heat pipe fill tube, part No. 12, is connected to the heat pipe by
means of a weld. This weld must be performed manually because of
the particular geometry of the weld, and preferably should be done from
the inside of the heat-pipe tube. A prototype assembly was welded,

and no difficulties were encountered.

Similarly, the sealing-off of the fill tube, part No. 12, by
localized electron-bombardment melting, was explored. A piece of
the niobium evacuation tube to be used, 1/8" o.d. x 0.020" wall, was
set up under simulated conditions of electron-bombardment pinch-off,
and it was found that the operation required 500 watts of electrical
power, and the amount of gas released was undetectable in a
400 -liter /second vacuum system operating at 2 x 10”6 torr. Both
ends of the pinch-off, shown in Figure 9, were leak-checked and
found to be leak-tight. Following this test, a fixture was designed
to permit the same operation to be carried out with a completed heat

pipe. This fixture is shown in Figure 10.

Also, the compatibility of sodium metal with encapsulating glass
was tested in stainless steel test tubes, as shown in Figure 11, at
possible distillation temperatures of 400°C and 500°C. It was found
that the glass reacts slightly at 500°C and that at this temperature it
also softens considerably, as shown in Figure 12. From previous
experience with cesium capsules, it appeared that distillation tempera-
tures of up to 500°C could be acceptable. The sodium vapor pressure is

1 torr at 430°C.,
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3.2 Fabrication Attempts

Several attempts had to be made before the fabrication of
model T/E-1 was completed. These are designated T/E-1-A to
T/E-1-D, and they are discussed in detail in the next sections of this

report. A similar situation arose in the fabrication of model T/E-2.

3.3 Fabrication of T/E-1-A

The fabrication of T/E-1-A was started with the weld of the
cesium reservoir tube assembly, parts Nos. 13 and 14, to the collector,
part No. 8 (see Figure 1). Because it was found extremely difficult to
rgduce the diameter of the tantalum cesium tube at the end that is
inserted in the collector, the design was changed to omit the diameter
reduction of the tube and to enlarge the corresponding collector hole.
The weld of the tube to the collector required a felatively large amount
of heat, and although it could be successfully made, it resulted in a
large amount of erratic melting on the collector face near the center
hole. Also, the collector face was considerably oxidized, and the
oxidation was suspected at that time to be due to outgassing of the

electrode support in the welding chamber.

Next, the radiator tube subassembly, parts Nos. 9 and 12,
coated by New England Hard Facing with Norton's Rockide C coating,
was welded to the edge of the collector. For this ‘operation the three
parts of the seal assembly, Nos. 6, 10 and 11, were inserted around
the radiator rube before the tube was fitted to the collector. The weld
required a very large amount of heat, which made the collector face
concave by several thousandths of an inch. Further evidence of oxida-

tion was noted. In spite of the close proximity of the seal ceramic,
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part No. 6, to the collector weld, it was found that the ceramic had
withstood the exposure to the weld heat without cracking. After this
step was completed the assembly was accidentally dropped, and the

tube 13 broke at the collector end. The fracture was found to be com-
pletely brittle, which was a fact consistent with the evidence of oxida-
tion near the welding areas. Since it was a simple matter to re-machine
the collector to insert and weld a new cesium tube, and no other radia-
tor tubes were immediately available to start a new assembly, a repair
of the failed assembly was attempted. Before the new cesium reservoir
tube was welded, however, the assembly was fired at 1400°C to clean
the oxidized material. Figure 13 shows the assembly after the new
cesium reservoir tube was welded. As can be seen, the 1400°C firing
had caused some of the coating to disappear or flake off. Leak-checking
of this assembly showed that the collector weld to the radiator tube was

cracked and leaked.

At this point it was definitely suspected that the welding chamber
must have had air leaks in spite of having passed recent examinations
for leaks. A thorough leak-check revealed that the argon-pressure
manometer had a large 1eak,, which was further traced to a cracked
soft-solder joint of its sensing bellows. The manometer was repaired,
and sample niobium welds were run to check that no further oxidation
would occur in the chamber during welding. The check was performed
by purging the chamber, performing a weld, and then after letting the
chamber stand one hour without further attention, performing a second
weld. Both welds were clean and ductile, while previously the second

weld had completely oxidized and embrittled the sample.
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Because the structure of T/E-1-A had become embrittled at the
area of the weld of the collector to the radiator tube it could not be

repaired, and consequently the fabrication of T/E-1-A was abandoned.

3.4 Embrittlement of Coated Radiator Tubes

‘As the next attempt to fabricate the heat pipe model T/E-1 was
about to start, a new batch of radiator tubes was received, coated with
chromium oxide by the Linde Co. Because the surface of these tubes
appeared contaminated, the tubes were cleaned with abrasive cloth
and fired at 1400°C. When attempts were made to weld the sodium
fill tube, part No. 12, the resulting joint was found to be extremely
brittle. Further examination, as shown in Figure 14, indicated that
the entire coated surface was brittle, but the uncoated portion of the
tube was not. To check whether the embrittlement was common to
the coatings of both Linde Co. and New England Hard Facing, the
previously welded assembly of T/E-1-A was tested too. As Figure 15

shows, it also was brittle in the area of the coating.

Consequently, a meeting with a representative of the Linde Co.
was held to discuss the details of the coating procedure and determine
the cause of embrittlement. The representative took note of the facts,
‘and two days later he submitted a tube of the original batch which had
been returned to him in order to point out the problem of contamination
during coating. This tube was not _embritt'led., It then became immedi-
ately obvious that the embrittlement must have resulted from the
vacuum-firing at 1400°C that had been used to clean the impurities

noticed after coating. This tube sample was then heated for 15-minute

intervals to 925°C, 1010°C, 1200°C and 1425°C, and it was found that
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after the first three firings it was ductile, but after the fourth it was
totally embrittled over the coating area. Therefore, the chromium
oxide coating material reacts with niobium at some temperature in

the range from 1200°C to 1425°C to form a brittle compound.

In order to avoid the need to fire the heat pipe radiator tubes at
high temperature to remove residual impurities, an improved fixture
was designed and fabricated to carefully shield the portions of the heat
pipe that should not be coated during the coating process. This fixture
is shown in Figure 16 with a heat-pipe radiator tube in position after
coating. Figure 17 shows the coated fube as it appeared after removal.
With the use of such fixtures it was possible to avoid the need for

firing the tubes after they were coated, and the embrittlement problem

was thus avoided also.

3.5 Fabrication of T/E-1-B

Since the longest-lead-time part for the fabrication of the heat
pipe was the coated heat-pipe radiator, and since no un-embrittled
ones were immediately available, it was decided, with the approval
of the JPL Technical Representative, to omit the coating step in
order to save time in the fabrication of T/E-1-B. Also, it was found
that the cesium tube, part No. 13, could be joined to the collector
face, part No. 8, by means of a palladium braze much easier than
it could be arc-welded. Except for these changes, then, the new

fabrication attempt was in accordance with the design of Figure 1.

The assembly sequence was as follows: First the heat-pipe
inner tube, part No. 14, was welded to the cesium tubulation, part

No. 13, at the point corresponding to the vicinity of the collector.
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Next this assembly was palladium-brazed to the collector face, part
No. 8. A sodium fill tube, part No. 12, was aré-welded to the outer
heat pipe wall, part No. 9, and this assembly was then set up for
welding to the collector face, part No. 8, after insertion of the seal
sleeve and support plate, parts Nos. 10 and 11. Upon attempting to
weld the collector face to the outer heat pipe tube, part No. 9, it
was found that there was enough variation in position of the arc from
the arc welder tip to cause an a‘ccidental blow-hole through the wall
of the heat pipe close to the location of the weld bead. This accident
was remedied by the insertion of a fragment of niobium and localized
melting to seal the hole. After this was successfully completed the
l’iéat pipe assembly proceeded with the insertion of the capillary
mesh screen of the outside wall of the heat pipe and its retaining
elements, parts Nos. 16 and 17. One wrap of inner tube mesh was
added, and the rear end seal plate, part No. 21,’ was positioned for
final welding, after appropriate insertion of the end mesh elements,

part No.. 20.

During the welding of the end plate, it was noticed that the weld
bead did not behave in the characteristic manner of niobium weld
beads. While the final outer weld on part No. 21 was being performed,
the welding arc suddenly flashed and pierced a hole through the entire
thickness of part No. 21. It was immediately suspected that the capil-
lary mesh, made of stainless steel, was near enough to the weld area
to have melted and run into the weld bead, thereby contaminating it
with materials that would both embrittle the bead and make the welding
arc erratic. To verify this, the end of the heat pipe was opened, and
it is shown in Figure 18. Although this may not be readily apparent
in the photograph, melting of the capillary mesh was observed both
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at the inside and outside tubes of the heat pipe. At that point it was
decided that the structure could not be salvaged, and the assembly

of T/E-1-B was abandoned.

3.6 Fabrication of T/E-1-C

The assembly of this third heat pipe model was carried out in
exactly the same manner as that of the second model. The radiator
coating step was omitted, and the same welding difficulties were en-
countered when an attempt was made to weld the outer heat pipe tube,
part No. 9, to the collector face. The welding arc jumped twice on
the heat pipe tube, causing blow holes which had to be filled with frag-
ments of niobium locally. In view of this experience, it was decided
that in future heat pipe prototypes this weld would be performed by
electron-beam welding, to control the position of the welding bead
with greater accuracy. In order to avoid the same type of capillary
mesh melting which Had occurred with T/E-1-B, the capillary mesh
was cut short from the end of the tube so that the nearest point would
be half an inch away from the welding bead locations. The perforated
capillary mesh support, part No. 17, was still extended to the end of the
heat pipe so as to provide a capillary path for the return of the sodium to
the capillary mesh. It was then possible to weld the end cap, part No. 21,
in place without any difficulty. Figure 19 shows the appearance of the
welds of the end cap, and Figure 20 shows the completed heat pipe model,

where the repair to the joint at the collector face is apparent.

3.7 Sodium Charge of T/E-1-C

The heat pipe T/E-1-C was connected to a copper manifold
containing a sodium capsule, by fuse-brazing the connecting copper
tube shown in Figure 1 to the niobium fill tube, part No. 12, with

electron bombardment. The assembly was then connected to a Vac-Ion
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outgassing stand, heaters were mounted on the heat pipe, the connecting
tube and the region of the sodium capsule. The heat pipe was heated
under vacuum to 550°C, the connecting tube to 500°C, and the sodium
capsule area to 300°C while the internal volume of the heat pipe was
pumped with a Vac-Ion pump. After 9 days of continuous pumping

the sodium capsule was broken, exhausted for one additional hour, and _
pinched off at a vacuum of 4 x 10_8 torr. Heat was then applied to the
sodium capsule region with the intent of transferring the 2-gram sodium
charge into the heat pipe by distillation. It was estimated that this
would require 48 hours at 430°C. At the end of 24 hours, however, the
bell jar of the vacuum system used for distillation was found to be coated
with sodium. A leak in the sodium reservoir was located at a BT braze

ofycopper pieces.

The sodium capsule manifold was then severed from the heat
pipe, and the heat pipe was placed in vacuum at 700°C for 24 hours
to remove the sodium distilled into it. A new. manifold was attached,
and the heat pipe was again outgassed to a vacuum of 4 x 10-18 torr.
The outgassing time was 6 days. The same distillation procedure was
again attempted, but in one hour the copper pinch-off of the manifold

developed a sodium-vapor leak.

The distillation procedure was then reviewed, and it was
decided to abandon it in favor of direct gravity transfer of molten
sodium. The heat pipe with the leaky manifold was quickly inverted
and placed back under vacuum in such a way that the sodium could be
taken to the meltin'g point and caused to flow into the heat pipe. Once
this was done, the copper manifold was pinched off, and the heat pipe
was set up for the final sealing operation, which involved pinching off

the niobium fill tube, part No. 12, by electron bombardment.
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The electron-bombardment pinch-off operation was carried

out by placing a one-turn 0. 030-in. ~diam tantalum filament around the
fill tube. This filament turn was 0. 35 in. in diameter, and included a
turn overlap of 0.20 in. so as to avoid the effect of local bombardment
current, which is caused by lower filament temperature at the connection
legs. When the fill tube was bombarded, the bombardment opposite the
filament overlap area was found to be excessive; the fill tube melted |
locally at that point and developed a hole. Since a substantial amount of
sodium vapor evaporated through this hole, the bombardment filament
could no longer be maintained at a high potential difference with respect
to the fill tube without violent arcing. The bell jar was heavily coated

with sodium.

The vacuum system was opened to air in order to determine
that this was what had happeried. Since air leaked into the heat pipe in
large amounts then, it was deciced to use the heat pipe structure to
repeat the electron-bombardment pinch-off operation with a filament
that did not have a turn overlap. This second pinc;h-off was successful,
and is whon in Figure 21. The failed attempt is also evident in this

figure. The complete structure of T/E-1-C is shown in Figure 22.

3.8 Fabrication of T/E-1-D

The heat pipe model T/E-1-D was fabricated according to the
standard design of Figure 1 except that, as a resuit of the experience
gained in the previous fabrication attempts, it incorporated the palladium
braze of the cesium tube to the collector to avoid the distortion of the
collector which occurs when welding is used, an electron-beam weld
of the radiator tube to the collector to avoid the blow-holes caused by
inert gas welding, and a shortened capillary mesh such as that used in

T/E-1-C to avoid mesh melting during the weld of the end cap. The
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model also incorporated a coated radiator tube. In the first attempt,
the electron-beam weld between the radiator tube and the collector

leaked, and it was repaired by re -welding.

No further problems were encountered in the fabricaﬁon of
this model except that it was discovered after assembly that the inner
capillary mesh screen, part No. 18, which is wrapped around the
inner heat pipe tube, had been omitted accidentally. Another minor
difficulty which may be of interest was encountered when making the
final heat pipe weld between the end cap, part No. 21, and the inner
heat pipe tube, part No. 14. The difficulty is that the cesium reservoir
tube, part No. 13, never lies perfectly concentric with the inner heat
pipe tube, part No. 14, and as a result it tends to rest at some point
around the circumference of tube 14 right next to the region where a
weld must be made between the end of tube 14 and the end cap 21.
There is then the danger that, during the welding operation, the cesium
reservoir tube will be welded to the inner heat pipe tube in the region of
the weld. This problem was avoided by a coiled 5-mil-diameter tungsten
wire around tube 13, slipped between tubes 13 and 14 in order to ensure
concentricity. The weld could then be performed with no further diffi-
culty, but the wire which had been inserted could not be removed, and
as a result parts 22 (two wraps of tantalum shielding around the cesium
reservoir tube) could no longer be inserted in order to shield the cesium

reservoir tube from the radiation from the inner heat-pipe tubulation.,

Since no experimental evidence was yet available that these
shields were necessary for proper operation of the cesium reservoir,
they were omitted from the assembly of T/E-1-D. Subsequent tests

have shown that these shields are unnecessary for proper operation of

the cesium reservoir.
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3.9 Sodium Charge of T/E-1-D

To charge the model T/E-1-D with sodium, a cop‘per manifold
containing the sodium capsule was connected to the heat pipe. The
capsule was broken under vacuum, and the entire assembly was heated
to approximately 150°C for half an hour. The position of the entire
assembly was such that the molten 2-gram sodium charge would flow
into the heat pipe. While the heat pipe was still connected to the
exhaust pump, its temperature was raised to 425°C under vacuum,
keeping the reservoir of sodium at 160°C. Pumping continued for a
period of approximately 26 hours, at whichtime the copper manifold
was pinched off from the heat pipe. The pinch-off of the niobium tube,
pért No. 12, was then accomplished by electron-beam melting of the

tube.

After completion of the electron-beam pinch-off operation, the
copper tubulation simulating the cesium reservoir was fuse-brazed to
the cesium tube. The tubulation was then pinched off and given a thin
coating of black paint in order to help achieve low reservoir tempera-

tures.

o
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4. TEST OF MODEL T/E-1

4.1 Test Set-Up

Figure 23 shows the fully instrumented model T/E-1-D. Six
thermocouples were placed along the radiating portion of the heat pipe
at equal spacings, and a seventh thermocouple was placed on the

cesium reservoir.

The thermal connection between the thermocouples and the
wall on which they were attached was effected by means of ceramic
cement, and to minimize the mechanical load on this junction, an
additional wire support was wound around the insulated thermocouple

leads as shown in the figure.

After the instrumentation was mounted on the heat pipe, the
heat pipe was placed in a vacuurmn chamber in an upright position with
the collector facing upwards, and an electron-bombardment unit was
installed to heat the collector face. The data obtained at various

heat inputs is shown in Table 1.

4,2 Interpretation of T/E-1 Data

Data point No. 1 is the temperature distribution preceding test.
Data point No. 2 shows the temperature distribution obtained with a
nominal amount of filament heating and no electron-bog%nbardment
power applied to the heat pipe. Data points Nos. 3 to 8 give the
temperature distributions obtained at various amounts of electron-
bombardment power input, which are listed at the bottom line of
Table 1. It can be seen that up to 311 watts of electron-bombardment
power input, excluding filament heating, was applied, and heat pipe

temperatures in excess of 800°C were obtained. The thermocouple
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locations on the heat pipe were numbered 1 to 6, starting from the

top of the heat pipe.

Thermocouples 2, 3, 4 and 5 had a tendency to read substantially
lower than thermocouﬁles 1 and 6, at the top and bottom of the heat pipe.
This was assumed to be due to a shorting of the leads of the low-reading
thermocouples by the.clamping wires shown in Figure 23. Later tests
on Model T/E-2-C have shown that ex}en the readings of the highest-
output thermocouples are low because of thermal contact resistance
between the heat pipe wall and the ceramic cement used for thermo-
couple bonding. For this reason, the temperature data given in Table 1

is discussed in Section 6.3 with that of Model T/E-2-C.

One particular observation which was made during the test of
Model T/E-1-D turned out to have pivotal importance in the inter-
pretation of the data collected on both models. This is the pyrometer
reading which was taken during the test condition # 8 in Table 1. It
was taken next to the collector face in an attempt to determine the
extent to which the collector temperature is the same as the heat pipe
temperature, and, as is shown in Section 6. 3, only a very small

difference occurs.

After completion of the thermal test shown in Table 1, the
heat pipe was maintained at the maximum operating heat input of
335. 4 watts (including the contribution by radia,tibn from the filament
given further below in Table 3) overnight in order to accumulate an
operating time of 100 hours at maximum power input, as specified
in the Statement of Work. A thermal cycling test of 12 cycles would
have followed the steady-state run of 100 hours. Sometime in the
next 16 hours of running, however, the heat pipe developed a leak and

lost the sodium charge.
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4.3 Analysis of the Failure of Model T/E-1-D

When the test chamber was opened to air, it became evident

that the location of the sodium leak was near the weld between the

sodium fill tube, part No. 12, and the heat pipe radiator tube, part

. No. 9. Figure 24 shows this area of the heat pipe, and the location of

the leak can be identified by the white deposit of sodium hydi'oxide at
the transition between the uncoated and coated portions of the heat
pipe. The hydroxide is the result of the reaction of the residual sodium

at the leak with the water vapor in the atmosphere.

The leak itself seemed to be in the form of a crack in an area
where it appeared that a very narrow zone of the chromium oxide
coating of the heat pipe had reacted with the heat pipe wall, presumably
as a result of excessive heat during welding. To verify the fact that
this weakening of the wall had occurred before exposure to sodium,
another structure, which had been welded to serve as a back-up for
T/E-1-D, was inspected. Figure 25 shows that it revealed the same
characteristic reaction region at exactly the same location. Since
this structure had not yet been filled with sodium, it was concluded
that the reaction was caused by weld heat. Consequently, a new
assembly was welded using copper chill blocks, and as shown in
Figure 26, it was possible to obtain a very clean weld with no traces

of any coating reaction.
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Figure 26
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5. FABRICATION OF MODEL T/E-2

5.1 Fabrication of T/E-2-A

Model T/E-2-A differed only in that the cesium reservoir was
made of a chromium oxide-coated nickel piece on which thermocouples
could be mechanically fastened, and Figure 27 shows a photograph of
the unit fully instrumented. The instrumentation also differed in that
seven thermocouples were provided along the length of the heat pipe
instead of six, and a thermocouple was attached to the collector face.
The model was sodium-charged in the same manner as T/E-1-D except
that the final niobium pinch-off was performed by electron bombardment

rather than by electron-beam melting.

5.2 Testing of T/E-2-A

This model was set up for test, and the test data showed that
no temperature uniformity could be achieved along the length of the
heat pipe wall. This was an indication of either the presence of large
amounts of gases or a lack of sodium within the heat pipe. The test
was discontinued, and the heat pipe was opened by cutting its fill tube
to examine whether any traces of sodium were visible. As none were
seen, the model was placed in a vacuum furnace and heated at 900°C
for'two hours. A slight coating of sodium was produced over the sur-
face of the vacuum bell jar in the first few minutes of heating. The
amount so accumulated was so small that it was concluded that model
T/E-2-A failed to operate because it lacked a sufficient charge of
sodium to establish full wetting of the capillary conduit between the
collector and the radiator surface. When full wetting is not obtained,
the sodium can be expected to collect at the cool end of the heat pipe,

and thus completely interrupt heat pipe operation.
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Further examination of the tubulation from which sodium had
been distilled into the heat pipe revealed that a large quantity of glass
fragments had been produced upon breaking the capsule, and that
many of the smaller pieces of glass had collected in the fill tube, to

the extent that this tube was almost completely plugged.

5.3 Fabrication of T/E-2-B

After T/E-2-A was vacuum-heated to remove its residue of
sodium the niobium fill tube was cut, and a new tube was connected
by means of an adapting piece made of niobium and brazed in place
with palladium. The model was then outgassed and charged with
sodium in the same manner as T/E-2-A except that care was taken

to avoid breaking the sodium capsule at several places.

This model also failed to operate. It was opened by cutting
the sodium fill tube, and it was placed in a vacuum furnace, where
its temperature was réised to 1000°C. After 45 minutes of heating,
no traces of sodium had been released, and it was concluded that the
model did not contain any sodium. Inspection of the copper manifold
used for sodium charging showed that the tube leading to the model had
again become clogged by glass particles entrained by the sodium. This
had occurred in spite of the effort made to avoid excessive crushing
of the glass capsule, and it was cc;ncluded that, even when the glass
capsules are cracked with the greatest care, they will still shatter
into a large quantity of small fragments. Consequently, it was decided

to incorporate a screen in the sodium fill manifold to retain the glass

fragments.
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5.4 Fabrication of T/E-2-C

When the next outgassing had been completed, a new sodium
charging attempt was made, but this time it appeared that all of the
sodium clung by capillary force to the sodium capsule, and again,
none flowed into the heat pipe. The heat pipe model was reconnected
to a new manifold, re-outgassed, and the sodium charge procedure
was modified to drive the 2-gram sodium charge out of its glass capsule
and through the filter screen by centrifugal force. Later examination
of the manifold showed that practically all of the sodium had been driven

into the heat pipe.

The weight of the completed heat pipe model T/E-2-C was 77. 8

grams exclusive of electrical leads and mounting hardware.
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6. TEST OF MODEL T/E-2

6.1 Test Data for Model T/E-2-C

Model T/E-2-C was instrumented in the same manner as
T/E-2-A and tested at a range of power inputs to determine its ability
to meet the design heat transfer conditions. Table 2 gives the observed
temperature values. It is obvious that the collector face of this proto-
type, in contrast to that of model T/E-1-D, operated at a much higher

temperature than the remainder of the heat pipe structure.

After measuring the response of the heat pipe to heat input, it
was set for running continuously with the highest value of heat input
at about 335 watts (including filament heating). At that time it was
noted that, at the glowing edge of the collector, the temperature of
the niobium tube welded to the collector would flicker in the region of
the weld. This was certainly the result of intermittent capillary flow
of liquid metal to the boundary between the cool wall and the hot collector,
and the magnitude of the temperature excursions was approximately 50°C
at a frequency of about 1 cycle per second. At the end of 23 hours of
running in this condition, a sodium deposit was noticed on the bell jar,

indicatingaleak, and the test was terminated.

6.2 Analysis of the Failure of T/E-2-C

The model was first x-rayed to determine whether the installation
of the capillary structure near the collector had been defective. This
area cannot be inspected visually during assembly because then it lies
at the bottom of a long cavity, and the visibility is further impaired by
the presence of the collector insert, part No. 16. In order to explain

the operation of the collector at temperatures much higher than heat
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pipe temperature, it would be necessary to have either a loose assembly
in which the capillary mesh screen was not in good contact with the
collector, or the complete absence of the capillary mesh screen, as
could occur if the screen slipped during insertion into the heat pipe.
The x-ray obtained revealed a faint gap between the collector and the
collector insert piece, which could be due to either one of the possi-
bilities just mentioned: loose assembly or absence of capillary screen

in that area.

The converter was then leak-checked, and the point at which
the leak had occurred was found at the weld between the collector and

the outer pipe.

After it was leak-checked, the converter was opened, and the
collector end was potted and sectioned for metallographic examination.
The heat pipe section collapsed during potting, but still it was evident
that there was no capillary mesh screen between the collector and the
collector insert piece. The elements of the other half of the potted
structure were separated at the capillary screen boundary. There,
the face of the collector insert piece was completely bare of capillary

screen.

No unusual hardness was discovered over any part of the internal
walls of the heat pipe, and therefore failure due to fracture at an em-

brittled area, suchas occurred in T/E-1, was ruled out.

From the above analyses it was concluded that the collector
overheating was caused by imperfect assembly of the capillary mesh
screen and the resulting absence of capillary connection of the collector.
Furthermore, the leak was attributed to thermal fatigue of the collector
weld, which was produced by the rapid temperature fluctuations in that

area during heat pipe operation,
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To investigate the difficulty of assembly of the capillary structure
near the collector, a back-up assembly’ for T/E-2 was also x-rayed.
It was seen thaf, in the collector area, the capillary structure did not
reach the end of the heat pipe, and as a result, the collector insert

piece was completely loose and had fallen off to one side.

6.3 Analysis of T/E-1 and T/E-2 Performance

The heat pipe temperatures for T/E-1 and T/E-2 were very
nearly the same at corresponding values of power input. An exact
comparison was not made because it was known that the thermocouples
attached to the wall of the heat pipe had not remained wellAbonded and
read low. In order to ascertain the extent of this error, data point #7
fc;r~T/E=:2 was read using the thermocouples, and data point #8 was
taken under the same conditions, using the pyrometer to read heg.t pipe
temperatures. The thermocouples showed a heat pipe temperature of
810°C near the top, which decreased to 788°C near :fhe bottom, while
the observed pyrometer temperature was 822°C all along the wall except
at the very bottom, where it was 818°C. Thus the temperature along
the wall was much more uniform than the thermocouple readings would
indicate. Assuming a bell jar correction of 10°C and a pyrometer’
correction of 2°C, it was estimated that the true heat pipe temperature
at a pyrometer reading of 822°C was 834°C, and therefore the thermo-

couple with the highest reading was low by 24°C.

Figure 28 is a plot of the true collector temperature achieved
in Model T/E-2-C, aé measured by a spot-welded thermocouple, versus
the pyrometer brightness temperature readings. With this curve, it
was possible to estimate that the brightness temperature reading of
970°C performed on T/E-1-D corresponded to a true collector tem-

perature of 841°C.
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It is certain that T/E-1 achieved a slightly higher heat pipe tem-~ -
perature than T/E-2 at corresponding values of heat input because, with
lower collector re-radiation, the heat load on the heat pipe was higher.
Thus, at the conditions obtained with a bombardment current of 321 mA,
it is reasonable to assume that the heat pipe temperature of T/E-1 was
higher than 834°C, and therefore the temperature drop between the
collector, which was estimated to be at 841°C, and the heat pipe must

have been less than 10°C.

The most important result of the heat pipe tests was the relation-
ship between collector heat transfer and collector temperature. To
obtain this relationship, the T/E-1 data was used in spite of the fact
that this model was not so well instrumented as T/E-2. The choice
was made bfacause T/E-1 achieved correct heat pipe operation, and
the collector overheating of T/E-2 diéturbed the heat-transfer con-

ditions to an extent that could not be calculated accurately.

The collector temperatures of T/E-~1 were obtained assuming
the 841°C estimated value for data point #8, which was 27°C higher
than the highest thermocouple reading, and arbitrarily scaling down
the 27°C temperaturé correction for the data points at lower ﬁeat-

transfer values.

The heat-transfer values were obtained by adding the filament
heating to the electron»bombardmentvpo_wer input, Iand the filament
heating was calculated by an analysis of the heat pipe temperature
achiev_ed with filament heating alone. Specifically, data points 2 and 3
of Table 1, where the filament power was the same but where the tem-
perature distributions were different on account of the additional

electron-bombardment power of data pdint 3, were compared in terms
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of a simple heat-transfer balance to determine the magnitude of the
filament heating effect. The result of this calculation was,thaf: the
filament heat input for data points 2 and 3 was 17.1 watts. Assuming
that the filament power input to the heat pipe was proportional to the
power actually delivered to the filament, as measured by filament
voltage and filament current, the filament power input for the other

data points could be calculated.

Table 3 gives a summary of the calculations, and the resulting
values of collector temperature and collector heat transfer are plotted

in Figure 29.

From data generated with a T-200 collector-radiator model and
compared with the performance of a T—ZQO converter, the collector heat
transfer could be related to converter output current at 1700°C by the

relation:

Q‘collector (watts) = 105.7 +1.92 Io (amperes) (1)

Figure 29 was then used to predict the collector temperatures that would
-be achieved in a heat-pipe converter as a function of output current at
1700°C. The predicted curve is given in Figure 30, which also shows
the pertinent data for the "no-heat-pipe" converter T-206, developed
under JPL Contract 951263, to show that the heat pipe improves con-

siderably the collector heat transfer of the T-200 converter.

Finally, Table 2 shows that, in spite of the overheating of the
collector and the consequent greater transfer of heat to the cesium
reservoir, the reservoir temperatures were well within the range of
control required by the design. For instance, at the design value of
output current of 51 amperes, the optimum reservoir temperature is

~about 621°K (data point 5, sheet 4, T-206 data). According to equation 1,
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the heat transfer corresponding to an output of 51 amperes is 203. 7watts.
It can be seen in Table 2 that, at near this value of heat input, the reser-
voir temperature obtained in T/E-2 was of the order of 309°C, or 582°K,
which is almost 40°C below the desired value, and therefore reservoir

overheating was easily avoided by the T/E-2 design.
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7. FABRICATION OF MODEL T/E-3

The fabrication of model T/E-3 was undertaken using the radiator
and collector heat pipe structure (usedas a back-up for T/E-2) which is
mentioned in section 6. 2. To use this structure it was necessary to
disassemble it in order to correct a faulty positibning of the capillary
structure. The disassembly was carried out by grinding off the end
cap of the heat pipe and pulling out the tight-fitting capillary structure.
A new capillary was inserted, and a new end cap was welded in place.
The capillary was made using a mandrel of slightly reduced diameter
to ensure a looser fitting of the capillary into the heat pipe. After the
end cap was welded in place, it was noticed that the heat of welding
had caused a very minor reaction of the casting with the niobium in
the vicinity of the weld. This reaction is known to embrittle the
niobium, and it was therefore decided to carefully check the worthiness

of the welded assembly. It was placed in a vacuum furnace and cycled

_ abruptly four times to 900°C for a total of 18 hours, and the structure

was leak-tight after test. It was then accepted for assembly of T/E-3.

The assembly proceeded normally, and it included mounting a

rhenium emitter structure in order to make possible the fabrication of

a complete converter heat pipe.

After complete fabrication, the heat pipe was outgassed over-
night with a resistance heater at 500°C while maintaining the sodium
reservoir at 350°C for 36 hours. The sodium was then transferred
to the heat pipe, and the heat pipe fill tube was pinched off by electron

bombardment.
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To proceed with the cesium charge, a cesium tubulation was
fuse-brazed to the cesium tube, and a leak was discovered in the wall
of the tantalum tube. To correct this difficulty, a niobium tube was
welded over the tantalum tube so as to cover the leak, and this approach
was successful. The converter was then outgassed with a molybdenum
foil around the radiator to maintain a high collector outgassing tempera-
ture. The outgassing time was 15 hours at an emitter temperature of
1550°C and at a collector heat-pipe temperature of 700°C. Cesium
distillation was then carried out by heating the capsule to 200°C for
four hours. The completed assembly is shown in Figure 31. The final
design of model T/E-3 is given in Figure 32. Of course, the drawing
does not show the dimensional adjustments that were required in
order to replace the capillary assembly and seal the tantalum tube

leak in the model actually fabricated.

The completed model weighed 90. 3 grams: exclusive of electrical
leads ané mounting hardware. The increase of 12.5 grams over the
weight of model T/E-2-C is due mostly to the emitter structure added
for the fabrication of model T/E-3. According to the weight breakdown
presented in section 2.4, the weight of the emitter and the first emitter
sleeve is 10.2 grams. The weight of the model is greater than that
estimated in section 2.4 primarily because the heat pipe radiator tube

used, part No. 9, was thicker than the tube assumed in that section.
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8. TEST OF MODEL T/E-3

Converter T/E-3 was instrumented with voltage taps on the
output leads at the point of attachment to the converter, two thermo-
couples on the cesium reservo'i:t;, and two spot-welded thermocouples
on the support flange close to the heat pipe, so as to afford a measure-

ment of heat-pipe temperature.

Testing of T/E-3 consisted of five runs. The data obtained is
presented in Appendix A, Sheets 1 to 7. In the first run the steady-
state output chracteristics were measured at output voltages of 1.2,
1.0, 0.8 and 0. 6 volts at emitter hohlraum temperatures of 1600, 1700
and 1800°C. The outputs observed were lower than those observed
in the T-200 converter series. Typically, the output voltage of converter
T/E-3 was 0.2 volt lower than that of T-206 at any selected output

current and emitter temperature.

In the second run, the output characteristics' at an emitter sur-
face temperature of 2000°K were obtained under dynamic testing, and
these are presented in Figure 33. These characteristics, when com-
pared with those obtained with converter T-206, also show a voltage
shift of 0.2 volt in the optimum curve. It is believed that this shift is
principally due to emitter temperature measurement errors caused by
overheating of the thin hohlraum wall separating the hohlraum from
the heated face of the converter, and also to the higher collector work

E

function obtained with niobium collectors.

)

These hypotheses are discussed in detail in the paper, "Advanced
Converter Development, " by P. Brosens, presented at the Thermionic
Conversion Specialist Conference in Palo Alto, October-November 1967.
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In the third run, the converter was operated continuously at a
hohlraum temperature of 1700°C with a load adjusted for an output of
0. 6 volt at 52 amperes. The steady-state heat-pipe temperature was

720°C. The converter operated at this setting for 200 hours.

In the fourth run the converter was thermally cycled abruptly
between near room temperature and operating temperature. The power.
-input for an output of 52 amperes at 1700°C was turned on and off in-
stanteously for 12 thermal cycles. Figure 34 shows a typical tempera-
ture recording which was obtained during the eighth cycle. Also, in
the interval between the fifth and sixth cycles the converter was run

for an additional 200 hours at steady-state and high current output.

The fifth run was conducted to determine the effect of the
voltage tap location on the performance measured. The voltage tap
on the emitter terminal was shifted to a more advantageous location,

as illustrated in data sheet No. 7, but no effect was observed.

Figure 35 gives a simultaneous plot of the static and dynamic
performance characteristics observed. As can be seen, the static
data gives every indication that model T/E-3 performance does not
become limited at high output currents. This symptom of collector
overheating, consistently observed in the T-200 converters 201 to
207, was therefore eliminated with the use of the c;ollector-radiator

heat pipe.
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9. DESIGN OF MODEL T/E-4

Model T/E-4 was specifically designed for use in the converter
modelé developed under the concurrent JPL Contract No. 951263, It
is similar to the previous models T/E-1 to T/E-3, with the principal
difference that the heat pipe diameter is larger. The previous models
were fabricated using readily available niobium tubing. The diameter
of that tubing was not large enough.to match the size of the ceramic
seal, so that an intermediate adapting piece was necessary. Also, the
small diameter of the T/E-3 heat pipe hindered the development of the

radiator area required for large output currents.

The design of T/E-4, shown in Figure 36, uses a niobium tube
custom-made to match the size of the ceramic seal. The radiator area
developed is 38.3 cmz, which is 13% greater than the 33. 8 crn2 of T/E-3
actually measured. The test data of T/E-1 and T/E-2, summarized in
Figure 30, had predicted that, for an output of 55 amperes, the heat-pipe
temperature would be optimum and equal to 1020°K. This value was
confirmed by the test of T/E-3, which showed a heat-pipe temperature
of 994°K at an output current of 51.9 amperes (Sheet 3, data point No. 7,
Appendix A). This heat-pipe temperature is higher than that originally
predicted in the design calculations of 951°K at 51. 0 amperes because,
as explained in section 6. 3, the collector heat transfer at 51.0 amperes
is higher than that predicted by the calculations presented in section 2, 2.
The theoretical value calculated in section 2.2 was 207.0 - 40..8=166. 2 watts,
while Equation (1) of section 6. 3 predicts a heat transfer of 203, 7 watts.
Figure 29 shows that the heat pipe temperatures corresponding to these

values of heat transfer would be 951°K and 997°K.

The equilibrium temperature of the heat-pipe collector-radiator

structure for model T/E-4 was predicted with a simple radiator model,
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where it was assumed that the effective radiator emissivity is 0. 85 and
that the heat load at an emitter temperature of 1700°C is given as a

function of output current by equation (1) of section 6. 3.

With the assumed emissivity value, the stray losses of the
collector structure could be calculated. The stray losses were
assumed to be due to radiation from surfaces having a value of the
product of area times emissivity of Ae and operating at the collector-
radiator temperature. The heat balance for the collector-radiator
structure was then:

4
(Ae + 0.85Ag) o Tg = Qcollector

where Ay is the radiator area. For model T/E-l, the actual radiator
area was 33. 8 cmz, and at a bombardment power of 310. 6 watts the
radiator temperature achieved was estimated to be 841°C (section 6. 3).
At this temperature, /’E‘he emissive powér of a black body is 8. 73 Watts/cmz.

Substitution of the values in the above equation yielded Ae = 6. 80 cmz.

Thus, for models which are of identical geometry except for the
size of the radiator area it was concluded that the relationship between

heat input and radiator temperature is:

4
(6.80 +0.85A4) 0 Tp = Q_ 0

For the model T/E-4 design, which has a radiator area of
2 .
38.3 cm (coated length of 2. 75 in., diameter of 0. 685 in.), the

radiator temperature predicted for any value of output current is then

obtained from:
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a

q
s
H

(105.7 +1.92 1 )/6.80 + 32.55)

H

2
2.69 + 0.0488 Io watts/cm

If the model T/E-4 design is used in converters which deliver a power
of 50 watts at an emitter temperature of 1700°C, and at voltages
ranging from 0.6 to 0. 8 volt, the corresponding collector-radiator

temperatures will be as follows:

VO, volts Io, amperes | Qy, watts | o T;l, Wa’cts/cm2 Tq, °K
at 50 watts
0.6 83.3 265.6 6.75 1044
0.7 71.5 243.0 6.18 1022
0.8 62.5 225, 7 5.74 1003

These collector-radiator temperatures are practically exactly
the optimum collector temperatures at the output current values

tabulated.
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10. FABRICATION OF MODEL T/E-4

The fabrication sequence used for model T/E-4 was similar
to that used for the previous models. Figure 37 shows the initial
subassemblies and parts. In the sequence the first step was welding
of the sodium fill tube to the collector radiator tube, and then brazing
of the double-walled cesium tubulation to the collector face. These
two subassemblies were then welded together along the periphery of
the collector. The resulting assembly, shown at the top left of
Figure 37, was then ready for insertion of the capillary structure,
which is shown disassembled in the same figure. The capillary
assembly consisted of wrapping and spot-welding the perforated
capillary support sheet around a mandrel and the end disc, as shown
in Figure 38. This assembly was then covered with 2 turns of
400-mesh screen, which was folded over at the end and secured by a
spot-welded end disc of mesh screen, as shown in Figure 39. The
assembly was slipped into the heat-pipe radiator, and the end of the
perforated niobium support sheet was folded over, as shown in Figure 40.
The end cap was placed in position, and welded with a heat sink in inert

gas. Figure 41 shows the heat sink around the completed weld.

The model was then ready for outgassing. It was connected to
the sodium fill manifold, and the same outgassing procedure used for
T/E-3 was followed: The heat pipe was heated to 500°C for 33 hours
while the ends of the chamber holding the sodium capsule were main-
tained at 400 and 350°C. At the end of this period of time, the assembly
was allowed to cool for 13 hours, the sodium capsule was broken, and
the gases that it released were pumped out. The heat-pipe-and-sodium-

reservoir assembly was then pinched off from the vacuum pumping
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system, and it was transferred to an oven at 150°C for two hours.
This caused melting of the sodium, which was then transferred by
gravity flow to the heat pipe. The sodium reservoir was pinched

off along its copper discharge tube, and a second pinch-off along the
niobium fill tube was performed by electron bombardment. This
completed the fabrication of model T/E-4, which was then set up for

test.
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11. TEST OF MODEL T/E-4

Tests on model T/E-4 consisted of a heat-transfer run, desig-
nated as Run No. 1 on Table 4, a thermal-cycling run, designated as
Run No. 2 on Table 5, and a steady-state run, designated as Run No. 3

on Table 6.

The heat-transfer run was intended to determine the heat-pipe
and collector temperatures achieved for various values of heat input,
and the procedures used paralleled closely those followed in the test

of models T/E-1 and T/E-2.

The heat pipe was instrumented with four thermocouples: one
just below the collector face, one on the heat pipe support flange very
close to the heat pipe, one at the bottom end of the heat pipe on the end

cap weld, and one on the cesium reservoir.

As noted on Table 4, the thermocouple below the collector face
intercepted some of the electron-bombardment powef and overheated;
as a result, its indications were in error. During the second thermal
cycle, the collector overheated, and the thermocouple leads melted;\

this thermocouple was then removed.

The heat pipe operation in the first two runs was satisfactory.
In the second thermal cycle it was noted that if a large amount of power
(335 watts) is applied suddenly to the heat pipe, it is possible to over-
heat the collector, probably as a consequence of drying up the capillary
wick in a film-boiling mode of sodium evaporation. In subsequent
thermal cycles, the power input was applied in two steps: 200 watts for
1 minute, and then the full power. No further evidence of collector

overheating was then observed.
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In the steady-state run, the heat pipe operated 145 hours at
maximum heat input, corresponding to an output of 124 amperes, and
then it developed a leak. The bell jar of the test system was opened,
and thé heat pipe was removed for visual observation. It was found
that a strong reaction had occurred in the region of the electron-beam
weld, just below the collector face, where the heat-pipe tube is joined
to the collector face. Although no further examinations were made,
it was obvious that the capillary structure at the collector face had
melted and reacted with the adjacent niobium wall at the same time
that the collector face had overheated during the second thermal cycle,

and the collector thermocouple had melted. A failure of this type can

be avoided by protecting the heat pipe from massive and sudden heat

loads, and also by the use of a refractory-metal wick structure instead

of a stainless steel one.
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12. INTERPRETATION OF MODEL T/E-4 HEAT TRANSFER DATA

The contribution to power input due to electron-bombardment
filament radiation was determined in the same manner that was used
for model T/E-2. As can be seen fromthe data on Table 4, data
points 2 and 3 were obtained with almost identical filament power,
and they differed by the fact that the power input for data point 2
included 218. 9 watts of electron-bombardment power, while no electron-
bombardment power was applied in obtaining data point 3. The average
heat-pipe temperatures achieved for these two data points were 736°C
and 272°C, respectively. Assuming that these temperatures were the
effective temperatures at which the model was radiating heat, the

following two thermal balance equations were written:

cAo (736 +273)%

cAs (272 + 273)°

218.9 + QF

0 +QF

where QF stands for the heat input due to filament radiation, and €A
for the effective black-body area of the heat-pipe structure. Solving

for QF, the value for filament heating obtained was 20. 4 watts. Assum-
ing that filament heating was proportional to the applied filament power,
the values of collector heating achieved at the other operating conditions
recorded on Table 4 were calculated, and they are tabulated further

below.

The heat pipe temperatures achieved at the support flange and
at the end cap weld differed substantially at the lower temperatures, and
this was not observed in models T/E-1 and T/E-2. It is an indication

that, in model T/E-4, some residual gases interfered with the proper
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condensation of sodium vapor. At the higher heat fluxes, the discrepancy
had a tendency to vanish, but it still measured approximately 15°C. This
penalized the performance of the heat pipe because it could not utilize
efficiently the radiator area at the colder end, and consequently the

collector temperature was higher than normal.

Assuming that the temperatures recorded at the support flange
were close to the collector temperatures achieved, and using equation (1)
of section 6. 3, the observed thermal performance of T/E-4 was tabu-

lated as follows:

Data Point Number 4 5 6 7 8

Bombardment Power, watts 62.2 | 120.0 | 181. 246.5| 321.5
Filament Contribution, watts 15.6 17. 19. 21.4 23.2
Total Input, watts 77.8 | 137. 201. 267.9 | 344.7
Collector Temperature, °K 791 889 970 1039 1100
Corresponding Current, amperes - 16.6 | 49.8 84.5| 124.5

The values of collector temperature were than plotted as a function
of output current, and Figure 42 gives the optimum collector temperature
characteristic, and compares it with the predicted and observed charac-
teristics for model T/E—4, As can be seen, the observed characteristics
agreed very well with the predicted curve. Also, the collector tempera-
tures achieved by model T/E-4 were optimum 'ovef a broad, useful
output current range which extends from 40 amperes, where the collector
is 50°C below optimum to 85 amperes, where the collector is 30°C above
optimum, Figure 42 from the JPL 950671 -~ Task Il Final Report shows that

for these excursions of collector temperature away from optimum, the

output will be less than 1% different from the fully optimized condition.
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13. CONCLUSIONS

The effort conducted under this program encountered greater
technical difficulties than were originally anticipated. More devices
had to be assembled than scheduled, primarily due to an unexpected
embrittling reaction of niobium with chromium oxide coatings, and
also because of difficulty in controlling the flow of sodium into the
heat-pipe structure during charging. The detrimental effects of
these difficulties on the rate of progress of the work were countered
by redirection of the effort by JPL to allow concentration on the more

important aspects of heat pipe development.

Under the redirected effort it has been possible to meet all the
‘original goals. A compatible heat-pipe collector-radiator structure
has been developed which is of the proper size to handle the heat load
of a T-200 converter, it has a known thermal response, and it has
been shown to withstand both thermal cycling and a nominal duration of

operation at heavy thermal inputs.

The heat pipe model T/E-3 demonstrated for the first time the
operation of a SET-type converter with a collector-radiator heat pipe.

All JPL requirements were met without failure of the model.

One of the most interesting results was presented in Figure 35,
which compares the dynamic and static performance obtained with
T/E-3. With the previous T-200 converters, this comparison had
always shown agreement at low output currents, but at higher currents
the static data had been far below the dynamic data because the collector-
radiator structure had been unable to handle the larger heat transfer,

and the collector overheated. The heat pipe of T/E-3 was designed to
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avoid this limitation, and Figure 35 shows that the design was success-
ful. The static data has remained in agreement with the djrnamic data

at all measured values of output current.

With the model T/4 effort, a different-sized heat pipe has been
developed which fits ideally the dimensional and thermal constraints of
the T-200 converter with a simple structure. This model has also
met all JPL requirements. It has permitted overcoming a basic
deficiency in the thermal characteristics of the T-200 converter de-
veloped under the concurrent JPL Contract 951263, and also reducing

very significantly the weight of the T-200 converter.

Further refinements in heat-pipe collector-radiator technology
will be found in the development of converters T-208, T-209 and T-210
of JPL Contract 951263,
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MODEL T/E-3 DATA
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Convarter No. T/E- -3

ENGI NEERINGE

¢C 0 RPORATIEON

7

Sheet / of

.Observer p Bfow

Run No. 1
VARIABLE i 2 3 4 5 6 7 8 3 10

Date 6-2-) 61| gL |G- |6-2D [6-23 | 6-23 [ 6-13 | 6-23
Time 1IS:4311Gi10] 16:37[17:15 16:10 | 16:28 16,49 1178 |17:3%
Elapsed Time, Hours .31 17 {20 | 2.8)4.0 | 4.3 147 |53 |55
' To ,°C 1585 [ S8S [iS9C |IS8S | 682 |168L |168e | [p8e | /682
To Corrected, °C (3 | 1590 | 1S90 | ISG0 | IS90 {1638 |16BB | /685 | (688 | /683 |
ATBeii gar, °C W] 10] lo| lo| o | 12| | | 12| iz}
Th oC 600 | [6oo | | boo| [boo | }Too 1700 | (Too | 1700 | IToo [
ATe, °c gl iz a8 | | | 7| 2
Te K 1861|1862 1861|1383 | 19¢2| 19¢1 | 1959 |195¢ | 1981
Vo 1 volts ] 1095 |l.oog | 800 | 601 | Lboo |1.190 |(.997|0.900 | 0.55%
Lo, amps 39 | 83 |109 |307 | 49 | 7-6 | /4.6 | 284 49.9
Po ,watts
I-V Trace No. ( 5’)

mv | J2.6 | 12.9|13.2 | /4.3 | 13.2 | 13.3| /377 [/4.§ | 174
Tr °c | 309 | 3/7| 324 | 350 | 324 | 32¢| 33¢ | 357 | 37¢

oK | S92 [ SF0 | $97| €23 | 567|599 | 60F | 628 | 649

mv | /63229 ]23.9|26.9 | 244 24.9|2¢.0 | 27.9 | 30.1
e Heaf Pipe °c | 398|553 |57¢ | ¢47 | $88 | Coo | €2¢ |67/ | 723

oK | ¢7] | 826849920 86/ | 873 999 |944|99¢

mv
TC base inner oC

myv
TC base outer oc

my
TRcdicfor oC -
Ve volts 86 | 985 | 983 | 978 983 |98 | 978 |97 | 964
I mA 197.5| 201.0 | 2149 | 277.7| 2401 | 248.1 [271.S |312.9 | 3814
Erilamentvolts 4.8 |48 |48 |49 | 4.6 |47 | 4.8 |30 |52
i lament: 9MPS 22 |22 | 21 |23 21 22 | 22 |23 | 24
;Coll.Hecfer'amps - - —_— — — —_— — — —
IRes.Heater 12MPS 2.1 12.1912.19 1229 {204 |2 | 220|224 (2.17
Vacuum, 10" mmHg 52144 | 4.1 | 4.8 | 3.0 |34 3.2 | 4.0 | &8
Measured Efficiency, %

NOTES. (i)
@)
3)
“4)
(5)

PYRomeTE®l

AT = jo+0.251
VourAGe TAPS AT LeEAD ATTACHMENT POINTS

corrECToNS (cALiR. 5-]7)+5°C P leoo
BELL JAR CORAECTI/ons 4+ [6°C ,G,aoac) +12°¢C B 1700 °C .
SHUT Downw OVERWIGHT

"¢ #6c@ (700°c
, .
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TN e I NEER i NGs G0 RPORATION
Converter No. — 1/E —3 Run No._{ £ 2 Observer. ﬁ &‘Owg
VARIABLE [ 2 3 4 5 6 7 8 9 10
Date 6-26|6-16 | 6-26 | 616 | G-26 | 6-26 | 6-26 | 6-26 | 626 | 626
Time () | 15:20] 15330 {18140 16:0)| 1628 | 17:20 | 17:32 | IT:38 | 1744 | IT:S2L
Elapsed Time, Hours e | 1.8 | 10| 123|427 113.6 {138 | 139 | |40 |41
To °C 1779 1682|1720 [ 1724 | IT2L | /723 | J728
To Corrected, °C 1736 1688|1726 [ 1707 [ 1728 | 172G | 1731
ATBell Jar, °C 14 /2 e | 1t | o it | oar
Ty °C 1800 » 1700 | 738 [ 1739 |40 | 741 |1743
ATg, oc 2| sal 7| 22| 22| | 2| 13| 4 | 16
Te »°K 206]| 20592056 208! | 1981 | 2000 2000|2000 |2000 |ZocO
Vo . volts [.400| 1.200] /.0co| O.8ca|0.500, — -— - - -
I,,amps 92| 1S9 280 46| 504 | % | W | 18 | s
Py , watts (2)
I-V Troce No. ] 2 3 4 iy
mv | 138 /4.4 /4.9 |1£.51is3 | ito | 1.8 | 16| /3.4 /43
Tr °C | 33% | 383 |3¢4 | 379 | 374 | 27/ | 290 | 309 | 329 | 3o
°k |G/l |€2¢ 637 | 682 | 647 | S44 |5¢3 | S82 | 6oz |23
mv 126.6 | 27.S | 28.9 | 30.9 | 30.2 | 24.2 | 249 | 2§.9| 26.9 | 23.6
Tc °C | Gdo | 6¢) | 694 | 742 | 72 | $83 | ¢oo | €23 | ¢47 | 687
°K | G/3 {934 | 9¢7 /0,5 998 | 85¢ | 873 | 896 | 920 |9¢6o
TC base inner =
°C
mv
TC base outer oc
my
TRudic:'ror oc
Vyp 1 volts 971 | 968 | 964 |97 | 962 |979 | 978 | 775 | 97 | 968
Lep:mA 3069 |330.8| 3708 | 433.0| 380.0| 235.4 | 2440 270.8| 290.2| 33,7
Erilamentvolts So| fo |50 |83 |51 |47 |47 |48 |48 | 50
IFilament»amPS 23 |23 |23 |24 |24 |22 | 22| 22 | 22 | 23
IColl.Heutear'c"“ps - - - - - - — | = - -
I Res. Heater 1@MPS 2.2) |22v e 226|223 | 0.5 | — | LTI | 1.8 |2.%6
Vacuum, 10”% mmHg 2.8 2.8 | 3.0 ] 4.8 | 4.0 2.6 | 2.6 | 2.6 2.6 | 2.6
Measured Efficiency, %
NOTES. (i) Toawep oN AT F:30 AM .
(2) FamenT (PweR VERY HIGH. CHISE MNOT To Go To 0.6V, @ 1800 ¢
ComPARE WiTe TDATA (oWNT SHEET | # 9
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Converter No. T/e -3 RunNo.__ < <3 Observer W g’lﬁw
VARIABLE | 2 3 4 5 6 7 | s 9 10
Date 6~ | 6-26 |6-27 |6-17 | 6-21 |6-28 |6-28 | 6-18 | 6-29 | 630
Time 17:5% 18:10 | 11:43 | 1334 | 17:30 | 1002 | 12:50 |I4.46 | 9134 | Fit
Elapsed Time, Hours 3 | .4 |32.0(33.9 |37.8 | 543 | 571 |591 [77.9 |lo2.0
To °C 172¢ 1683 | 1673|1683 | /680 | /633 | 1684 |I6Bo | 1683 | 692
To Corrected, °C 1730 | 1688 | 1673|7688 | 1685 | /683 | 1689 |169S | /688 | /698
ATBell dar, °C 1T Il | n I I u I il n
Ty ¢ 1744 | 1699 | 1689 1699 | 1696 | 1699 | IToo {1696 | 1699 | 1709
ATe , °c 17 | 23| 23| 23| 23| 23| @3 | 23| 23| 23
Tg K 2000|1949 (1939 | 1949 1946 | 1949 | 1950 | 1946 {1949 |1959
Vo, volts — | 0.600 [0.538 |0.600 [0.§99(0.598 |0.§98 |0.599 |D.60) |0.603
Io»amps 3o | 509|519 | 51.2| S1.6| 5.6 | 519 | 113 | 51.9] 508
Po , watts ‘
1-V Trace No. A .
mv ST | IS0 |/63 |50 | 1S |63 IS | st | iso | IS
TR °c | 372 | 3¢7 | 374|369 {369 |374 |372 | 369|367 |372
°K 645 | 640 | 47 | 641 | 641 | 647 44—5'4_ c4r | c4e |cas
mv | 299 | 304 |299 |30.0 |30.2 |30.0 |30.0 |29.9 | 29.9 |29.9
Tc °c | 690 | 723 | 718 |72 720 |72t {720 |78 | 718 |23
K |9¢3 |99¢ (98 | 994 | 978 |29% |a9% |28 | 991 | 94
T . my (| 760
C base inner oc
T my )
C base outer °C
myv
TRcdiafor oc \
Vep s volts 967 |G¢z |96l | 961 | 962 | 959 | %o 960 |61 |61
LopsmA 345.0(3929(379.9|3%1.2 | 3803|3804 [381.2 | 380.0 |381.4 [382.3
EFilamentVo!ts 5o |51 |52 s s 2] 2 ]sa |82 |52
LEilament? 3MPS 23 Z3 |23 23 23 3 23 23 23 23
ICoII.Hec:'rer":'mps - — — e —-— —_— — — - —_—
IRes. Heater 19MPS 240 247 | 247 | 2.7 |2./6 | 2.7 |2a7 | 208 |2.18 |2.19
Vacuum, 10°¢ mmHg 2.8 129 (2.6 )25 2.0 2.4 |2.4 {23 |2.3]2.3
Measured Efficiency, %
NOTES. (1) LEFT To RUN  OVERNIGHT

(2) PYRomETER READWES oN HeAT PIPE,Tor To
AFFECTED BY BACKGRovnw) LIGHTING /W LA

BoTTor . Readives




THERMO ELECTRON Sheet 4 of 7
ENGINEERING CORPORATION . R

Converter No. T/E -3 Run No. =3 $' 4 Observer p &DSV—-»— X
VARIABLE | 2 3 4 5 6 7 8 9 10
Date 7-2 |75 |75 |7-¢ |75 |75 |75 |35 |75
Time [0:5F19:87 |loe |12:13 12730 | 12:40 | 13:56 {1412 | Ja: Ll
Elapsed Time, Hours 151.31222.,2.{221.8 |214.F |224.F |225.0 | 226.21226.5 1 226.7
To +°C 1693 1j¢c79 | — | — /679 — | — [16718 | —
To Corrected, °C 1699 | 1685 | — - 1685 | — —_ e84 | —
ATgell Jar, °C I I - — il - - i | -
Ty °C Tio 1696 | — | — 1696 | — | - |1695| -
ATg,ec 23| 23| — | - 23 | — - 3| -
Te K | /960 | 1946 | — | — |94 | — | — |/194% | —
Vg volts 0.4697 | 0.60f | — - 060l | — - 0594 | —
I,,amps 52,3 152.2| — — 524 — — JL9| -
Pp , watts
1-V Trace No. G | @ (3) (4) | (3 : ¢)
mv | 4.9 | /5.0 8.9 |/4.8 8.9 | 149
Tr °c |3¢4 | 3¢y 219 | 361 219 | 3¢4
| °k | 637 |é4o 481 ¢3S 432 | 637
mv | 29.4 |30.0 1.9 1299 2.1 |29.9
T °C | 706 |71 49 | 18 S| 918
°K 979 |99¢% 310 | 991 325 | 99
T . me CyctLle #/ cycE %2
‘ C base inner oc
my
TC base outer oc
mv
TRodiotor oc
Vyp s volts 970 |970 Jodo | 969 lo4o |46
LopsmA 384.0|3780 o |3789 o [380.0
EFilament»volts $4 ] 8.0 o f.o 0 S.o
IFilament?@mPS 23 22 o AR 0 27
Lol Heater®@™PS — — '_' - - -
IRes. Heater 1AMPS 249 2.7 |2.47 [2.07 {207 |27 | 2a7 | 207 | 2.7 ‘
Vacuum, 1078 mmHg 122 120 2.1 2.0 1.9 1.8
Measured Efficiency, %

NOTES. (1) END oF 200 Hbues STEADY STATE.
Q) SHUT OFF E8 BomBARDMENT CYCLE #( RESERVOIR HEATER

LeFT op. -
(2 Tvemved Powsr o To Foir BomBARDMENT T, —> /740 C
(4) sHUT oFF, cYcre #72.

(£) same As woTE (3).
() Syuvr OFF, cycre #£23
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(2) Power oFF

{(3) ForL PoweE R

TORN &2

oN

@) fowER oFE ReSERVOIR HEATER

(5) Power o0’ peselvork on

(6) LEFT oniT 70 RuW IN STEADY STATE AT THIS

/

oFF

SETTIVG

Converter No. T/ -3 RunNo._ 4 Observer ﬂ Sty
VARIABLE I 2 3 4 5 6 7 8 9 I0
Date 7-S | 7-S | 7-v |76 |7-¢ |7-6 |71-¢ | 7-6 |7-¢ |7-14
Time 1331115441 15: S4j0t10 |10:28 [ 10:33 |[[:20] 11;35 | i 43 | j0:<S
Elapsed Time, Hours 227.8|218.0|218.2 | 246.4|24¢.9 | 2469 | 247.¢ | 247.9 | 248.0|439.2
T »°C — 1169 |/s88 | — 1683|7681 | — |/698 | /1690|1638
To Corrected, °C — 1697|7694 | — |1689 (/687 | — []69% | 1696 | (644
ATgell Jar, °C — l 0| — w| o~ I Wl
Ty °C — 708 |{ToS | — |[I700 (/698 | — 170€ | 1707 | 708
ATg, oc — | 23 23| — | 23] 23| — 23| 23| 23
Tg %K — |19e8 | /955 | — | 1950 |/1948 | — | 1958|1957 |145S
Vg, volts — 10.897|0600| © |0.607(0.609| 0 |0.596|6.595|0.593
Iy, amps — |$p.4| J05| o 59| 519 5l.o| 3 | S0
Po , watts
1-V Trace No. ) @ | 3 (4) | (5) (6)
mv | 8.9 (/4.9 | g | G0 |14.9]|149 |2.Y |14.9 |149 | 149
Tr °C | 219 |3¢4 |364 | 222 | 364 | 3¢4 | ¢t |J64 | 3¢c4 |364
°K |42 |637 |¢37 |495 | é37 |¢37 | 335 | 637 | 637 | 637
mv 2.3 12991999 | /9 {299 (299 | 29 |299 | 29.9 | 29.S
Te °C | ST (748 | 748 | 47 |78 |78 |71 |72/8 | 748 |70
°K | 330 |99/ | 994 | 320 |991 |99/ |344 |99 | 99/ |98
T _ mv |CYerg #3 CYeLE #4 creed ¢
C base inner oG
my
TC base outer oc
mv
TRodictor A
Vop »volts lodo | 969 | 969 1035 | 965 | ¢l | 103X | 965 | 965 | G464
Iop»mA O |381.4|38.0| © [378.9|3787| o (3802|387 |38.6
Eilament volts O | So | So | O S0 | Lo o |fo | 5o | S0
Leilament® @MPs o |22 |av © 2T |22 6 |22 |22 | 22
Leoll Heater?@mPS '“ — i — - - - — -
Ipes Heater 1MPS 2.7 | 2.16|2.47 |29 |2.20 | 247 | 0 |27 |27 |27
Vacuum, 10”% mmHg 1.2 1.8 (2.2 2.0 2.0 | 2.1 2. 2.4 (.9
Measured Efficiency, %
NOTES (1) TURNED Fuit FPowgR On  O0TPUT AT END oF 1o smuin/: 0.853v 48.94.




THERMD ELECTRON Sheet 6 of Vi
ENGINEERING €ORPORATION oy

Converter No. _ T /E —3 RunNo._4 Observer_égigm_

VARIABLE I 2 3 4 5 6 7 8 9 10

Date T-14 | 7-14 | 9-14 | T-ite | T-i4 | 7-14 T-16 | T-l6
Time 13309 [ tye3n | 14:51| 1540 | 16:S0 [ 1743 - {/6:18 | l6:ur
Elapsed Time, Hours 441.C1442.8|443.1| 4435|4451 | 4485 492.k1493.0
To °C 1633 | — 1683 | /63| — 1680 - 11678
Tp Corrected, °C 16837 — (1639 |163% | — |/63¢C — | 1634
ATBell Jar, °C "y — " i\ | — I — T
T ~C 1700 — |I1700 | 1649.| — |1697 — | 1e9¢
ATe, oc 23| — | 23| 23] — | 23 — | 23
e 7K [950] — 11950 |1945| — |/194%1 — | 194S
Vo s volts 0.897, © |0.595|0.60l| © O.boo [} 0,602
I,,amps Sl o | f1.9) 520 © |50 o |51
Po » watts
I-V Trace No. MN— 1 ) @) (4 (5) | (&) n

mv (/4.4 | 8.0 | /43 | 144 |78 |14.3 RT. | 4.4
Te °C 353 | 2oz | 350 | 3§3 | /92 | 3F0 383

K | 626 | 475 | 623 | €26 | 445 | €23 626

mv [29.8] 2.3 |29.5 |29.6 | 2.3 |298 e, 1295
T °C |79 | §7 | 109 700 | $7 | 706 70%

°K G381 | 33 | 981 | G84 | 330 G812 982
T ‘ mv cYeLE #6 Cfede £7 crede 48
C base inner o

mv
TC base outer oc

mv .
TRudiufor °C
Vepvolts. qges |10do | 968 | 968 | lodo | G465 042 | 964
L mA 3830| o |[32.3|3%23]| o |33.9 0 |3%2.3
EfilamentVolts ot o OV o) 3. o S
Lrilament 8mPS 2] o Al 2/ o zl o L1
ICcll.Hecﬁen"qmps - — - - - . - —
IRes.Heoter’omps 2.00[2.00|2.01 |2,02]2.01|2.0L o 2.0l
Vacuum, 107° mmHg 1.8 | 1.9 .9 {9 1.6 1.9 2.0 | 2.
Measured Efficiency, %

NOTES. (1) oPTimup RESERVoR PRESSURE APPEARS To MHAVE DEcREASED,
OWER OFf FoR WNERT cCcyelLi= )
(2) Powze ons

X 7 .
83 gg:&:_ iin:/(' T, s‘_ Te ¢€€AD on RecoRIER 32 in/he chort Speed

(5) Power oFF Res, é‘ ConV.

¢)an fPower o ’ )
&4 f’cwaz oFgF ';of’\ 35 run (DARK FERiOD ©OF ERRTH Oﬁe“r) Reservo R oN,




THERWMO ELECTRON Sheet /. of 1
ENGI!INTEERI! NG L 0 RPORATION

Converter No. T/E -3 RunNo._4 é 5 Observer. : é"'og"’"“
© VARIABLE | 2 3 4 5 6 7 8 9 10

Date T-16 |T~16 | T-17 | 2-17 | 7-07- | 717 {907 | 117 | 7-/8
Time 110 | 17:40 | 10:4% {110 [ N:$S |I3:0T |M4t00 | 1431 | (3100
Elapsed Time, Hours 4936 | 494.0 | Si.0 | S1-3 | 12,2 | §13.4 |51%3 | 5143 | $16.6
T °C — |le16| — (1618 | — [ie4 | — |/6Ty |(634
To Corrected, °C — {168t — /634 | — (68 | — /630 |/€%0
ATgel Jar, °C — M| — |- n |- l I
Ty ~°C — (1693 | — | (e385| — lteqr | - |iear |1Toy
AT oc | —: | 23| — 23| — | 23 | ~ 23 | 23
T K — /943 | — 17| — 11941 | — 9% | 1951
Vo , volts O |0boo| 0 |0.6ll| O |0.608| © |0.bo4|0. 600
I, amps © |90 |59 |59 0 |18 519
Po »watts
1-V Trace No. O @ [ [@ (D [ @ [t7) |8

mv | 8.5 |m3 | e |m3 |z.5 | 148 |2.4 |16 | 149
TR °C | 209 | 350 | 40 | 380 | 62 |35C | ST |35¢ | 364

°k | 481| 623|373 | 623 | 335 |¢29 | €31 |¢1 | €37

mv 3.4 (285 | /)2 [29.€13.0 |299 |29 |29.C | 29.9

T c | 93 | e8| 30 | 709 | B |us | 1 709 | ws

°K [35¢ | 959 | 303 | 981 | 346 | 99/ | 344 | 98L | 9%

my Crecd #9 | evend #/o cretE #)1 | erede #)2

TC base inner oc

mv
TC base outer °oC

mv
TRodiator oc
Veb » volts | lo4L | 965 [103S | 963 | 103C | 963 |/03S | 963 | Ge4
Lop mA O |[3%.4| o [38&.1| o [37729| © [377.3] 3810
Eilament volts o | o | O fio | © .0 o Lo | 2
TFilament: 9mPS 0 |2te] 0 2080 |206] 0 |5 |20
IColI.Hea'rer‘c"nps i - - - — — — — | —
IRes. Heater 19MPS 2.02 1202 | © 20) | O 2.01 o |21 2.0
Vacuum, 107% mm Hg 2.0 |2} |24 |22 |2.0 |20 | 2.0 2.0] 40

Measured Efficiency, %

NOTES. (1) PoweR ©oN. RESERVOIR VoLTAGE AT Pow€R  s0rPPLY =(0.95 vooT
(2) Aee Poweg oFF.

{3) « s oM.
4) % oFF
() « od.
(¢ ) o o OFF
1] O
((;)) : "« ogf; PELL JAR. OPENED.so CURRECT VoL TAGE TAP CONNECTION

i Fgg% BT~ B END oF TEXT.




